In rodents, undernutrition during early life results in reduced brain weight, reduced total cell number, reduced and delayed myelination, increased density of cortical neurons, loss of axon terminals in the cerebral cortex, and substantial deficits in the synapse-to-neuron ratio in some brain regions, indicating a reduction in the total synapse number (1) (2) (3) (4) (5) (6) (7) . In addition to the duration and severity of undernutrition, the developmental time when undernutrition occurs is crucial to the degree of injury (1, 2, 8) . For example, a prolonged moderately severe period of undernutrition during the adult life in the rat causes only a small reduction in brain weight that is reversible. In contrast, short periods of undernutrition during early postnatal rat development can cause permanent anatomic and functional brain deficits. There are, therefore, critical or vulnerable periods during brain development. In rodents, this critical period of brain development occurs during suckling, i.e. the first 3 wk of postnatal life (1, 2, 8) .
The mechanisms that mediate the effects of undernutrition on brain development are not known. A number of lines of evidence suggest that a reduction in IGF-I expression or action has a major role. 1) Both in man and experimental animals, reduced protein or energy intake lowers IGF-I expression in many tissues (9, 10) . Liver IGF-I mRNA abundance is extremely sensitive to reduced nutrition (9, 10) , and because liver is the major source of circulating IGF-I (11), undernutrition can profoundly reduce circulating IGF-I (9, 12) . 2) IGF-I mRNA expression peaks in multiple brain regions during the first 3 wk of life in rodents (13) , the same development time when the rodent brain is most vulnerable to nutritional insult (8) . 3) Transgenic mice that overexpress IGF-I exhibit marked brain overgrowth postnatally (14 -17) , whereas transgenic mice with ectopic brain expression of IGFBP-1, an inhibitor of IGF action, and mice with ablated IGF-I gene expression have brain growth retardation (18, 19) . 4) Malnutrition during brain development results in a marked decrease in myelination (7), and IGF-I is a potent stimulator of brain myelination (16, 20) . 5) IGF-I overexpression in brain ameliorates the effects of undernutrition on early postnatal brain growth, whereas ectopic IGFBP-1 expression in brain exacerbates these effects (21) .
We therefore hypothesized that nutritional status has a role in the regulation of brain IGF-I expression. In this study, we evaluated the influence of undernutrition on brain IGF-I expression during preweaning development. Because brain IGF-I expression is developmentally regulated and differs among brain regions, we performed our studies in several major regions of the brain.
METHODS
Mice and experimental design. Eight-week-old C57/B6 female mice were mated with male mice of the same strain, and the onset of pregnancy was assessed by daily inspection for vaginal plugs. Once pregnancies were confirmed by weight gain (generally at 12 d of gestation), mice were caged individually and monitored daily for delivery (termed P0). Newborn litters were adjusted to 7 to 8 pups. Undernutrition was induced by separating half the pups in each litter from their lactating dams for defined periods each day (4 h on P1, 8 h on P2, and 12 h thereafter). This method has the advantage of providing littermate-control, well-nourished pups to compare with the undernourished pups. In rats, this method produces a similar degree of undernutrition to that produced by other methods (22) , such as fasting the dam, feeding the dam suboptimal diet, or increasing litter size to diminish food intake per pup. All mice were housed in a temperature-and light-controlled room and weighed each day to insure that control mice were subjected to the same degree of handling. Pups were killed at P7, P10, P14, P21, and P28. These time points coincide with the period when the rodent brain is most vulnerable to nutritional insult and when IGF-I mRNA expression peaks in brain. Brains were rapidly removed and dissected into three brain regions: CB, CTX, and DN. The whole brains and their regions were weighed, frozen separately in liquid nitrogen, and stored at Ϫ80°C until RNA was extracted. All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of North Carolina, Chapel Hill.
RNA extraction and hybridization probes. Total RNA was extracted with a single-step method using a commercial kit (Trizol, Life Sciences, Grand Island, NY, U.S.A.). A mouse IGF-I riboprobe was generated with PCR using primers specific for mouse IGF-I exon 3 cDNA. This probe gives a protected fragment of 170 nucleotides in RNase protection assay. The consensus sequence of T3 and T7 RNA polymerase promoters was included in the primers to generate sense or antisense transcripts, respectively. Biotin-labeled IGF-I antisense RNA was synthesized with T7 polymerase (Promega Corp., Madison, WI, U.S.A.) using biotin-14-CTP (Ambion Corp., Austin, TX, U.S.A.). A mouse cyclophilin riboprobe (Ambion Corp), giving a 102-nucleotide protected fragment also was labeled with biotin.
RNase protection assay. RNase protection assay was performed using a commercial kit (RPA II, Ambion Corp). Hybridization of 30 g of total RNA obtained from target tissues was performed by incubation with 3 fmol of biotin-labeled IGF-I and cyclophilin antisense probes in hybridization buffer (80% deionized formamide, 100 mM sodium citrate, pH 6.4, 300 mM sodium acetate, pH 6.4, 1 mM EDTA) at 45°C for 16 -18 h. After hybridization, an RNase anti-RNase T1 mixture (1:100 dilution) in RNase digestion buffer was added to all tubes. After a 30-min incubation at 37°C, samples were treated with a stop solution to inactivate and precipitate the RNase. The samples were incubated for 30 min at Ϫ20°C and microcentrifuged for 30 min at maximum speed at 4°C, the supernatant was removed, and the pellets were dissolved in gel loading. Samples then were heated for 3-4 min at 95°C, loaded onto a denaturing polyacrylamide gel (5% polyacrylamide, 8 M urea gel), and run at approximately 250 V for about 1 h in TBE buffer (0.09 M Tris, 0.09 M boric acid, and 1 mM EDTA). Protected hybrids in the gel then were transferred to nylon membranes by electroblotting. Pilot experiments confirmed that the concentrations of probes were in molar excess. Nonspecific hybridization and the completeness of digestion were confirmed by including yeast RNA (in amounts equal to experimental samples) in each experiment. To detect signals, the protocols recommended by the manufacturer (Ambion Corp) were followed. Each blot was exposed repeatedly for different periods of times with Biomax MR film (Kodak, Rochester, NY, U.S.A.), and each band was quantified densitometrically using an ImagePro plus Imaging Analysis System (Image Pro, Media Cybernetic, Silver Spring, MD, U.S.A.), normalized to cyclophilin and expressed as the ratio of the band of interest to the cyclophilin band from the same RNA preparation. For ease in reporting results, this ratio of sample IGF-I signal to cyclophilin signal is simply termed units.
Statistical analysis. Data are expressed as the mean Ϯ SEM. Comparisons were made by unpaired t test using Stat View-II program (Abacus Concepts, Berkeley, CA, U.S.A.).
RESULTS
Body and brain weights. Each experimental group consisted of 5-8 pups, and the number of deaths did not differ significantly between undernourished and control groups (11 and 9%, respectively). There was no difference in body weight between groups at birth (1.46 Ϯ 0.01 g and 1.51 Ϯ 0.01 g in undernourished and control mice, respectively; p ϭ NS). At P3, body weights of undernourished mice were significantly lower than their well-fed littermates (1.85 Ϯ 0.01 g and 2.16 Ϯ 0.03 g, respectively; p Ͻ 0.001). Undernourished mice grew more slowly than well-fed controls throughout the period of study, and the decrement in growth rate was relatively constant throughout the study period, being reduced by 72% between P0 and P14 and 67.2% between P14 and P28. At P28, undernourished mice had weights that were 39.7% of those in control mice (Fig. 1, middle) .
As expected, the changes in the brain size of undernourished mice were not as severe as were those in their body weight. The decrease in brain weight was apparent in undernourished 198 mice as early as P7, the earliest time brains were weighed (0.175 Ϯ 0.017 g and 0.260 Ϯ 0.022 g in undernourished and well-fed controls, respectively; p Ͻ 0.001; Fig. 1, top) . At P14, brain weight of undernourished mice was 69.7% of well-fed controls (0.282 Ϯ 0.046 g and 0.403 ϩ 0.023 g, respectively; p Ͻ 0.001). At P28, brains of undernourished mice were reduced by 19.2% compared with well-fed controls (0.363 Ϯ 0.017 g and 0.449 Ϯ 0.019 g, respectively; p Ͻ 0.001). Because undernourished mice demonstrated a relatively greater reduction in body weight than brain weight, they had a higher brain/body weight ratio compared with well-fed controls at all times studied (Fig. 1, bottom) , a finding indicative of the relatively preserved brain growth that is characteristic of early postnatal undernutrition.
To determine the effects of undernutrition on distinct brain regions, we also measured the weights of three major brain regions, CTX, DN, and CB, during development. In well-fed mice, CB and CTX exhibited significant postnatal growth, and their weights increased 3.1-and 2.3-fold, respectively, between P7 and P28. DN, however, had little growth (1.1-fold increase) in the same period (Fig. 2) . These findings reflect the fact that in mice significant CB and CTX growth occurs in postnatally, whereas DN growth is nearly complete during fetal life.
Similar to the changes in whole brain, CTX and CB demonstrated significant growth retardation in undernourished animals (Fig. 2) . The CB was significantly smaller in undernourished mice by at P7 (8.33 Ϯ 0.33 mg, compared with 15.50 Ϯ 
DISCUSSION
We have shown that undernutrition influences brain IGF-I expression in a unique fashion that appears to be dependent both on developmental age and the region of expression. Most studies of nutritional regulation of IGF-I have focused on the liver, and all such studies, including the relatively few that investigated nonhepatic tissues (other than the brain), have shown that undernutrition decreases IGF-I mRNA or protein abundance (9, 10, 12, 23) . The increases we observed in CTX and DN IGF-I mRNA during the first 2 wk of postnatal life, therefore, were surprising. In addition, other than a decrease in IGF-I mRNA in P7 DN, undernutrition did not significantly reduce brain IGF-I mRNA expression at any age studied. The changes in IGF-I mRNA abundance in DN appeared to parallel those in DN weight. Undernourished mice had lower IGF-I mRNA abundance at P7 when DN demonstrated growth retardation; and the increased IGF-I mRNA expression in P14 coincided with the catch-up growth of DN. Each of these findings indicates that nutritional regulation of IGF-I expression in brain differs from that in other tissues. Although other mechanisms such as changes in the expression of IGF binding proteins or type I IGF receptor could play role, these data suggest that the increase in or preservation of IGF-I expression in brain during undernutrition accounts in whole or part for the relative resistance of the neonatal brain to the growthretardation induced by undernutrition.
Fasting or protein and energy restriction can, depending on its duration or severity, result in marked decreases in hepatic IGF-I mRNA abundance in both adult and newborn rats (23) (24) (25) . There are few studies of the influence of nutritional deprivation on brain IGF-I mRNA expression, and none have been performed during early postnatal development. In one study, fasting of young adult rats for 48 h was reported to decrease IGF-I mRNA levels in whole brain by 30% (10) . However, in another study, fasting for 72 h or protein restriction for 1 wk produced no change in whole brain IGF-I expression (26) . Consistent with the latter studies, we observed no significant influence of undernutrition on brain IGF-I expression after the second week of life, i.e. at P21 and P28. We have no certain explanation for the discrepancies among these studies. Nonetheless, taken together, each of these studies demonstrates that unlike liver, in which fasting and other forms of undernutrition profoundly depress IGF-I expression, brain IGF-I expression is not dramatically suppressed by undernutrition. The most significant alterations in brain IGF-I expression that we observed occurred in the first 2 wk of life, indicating that nutritional regulation of brain IGF-I expression is developmentally dependent.
The mechanisms that mediate the decrease in hepatic IGF-I expression induced by undernutrition have been subjected to considerable scrutiny, but they have yet to be totally clarified, likely because multiple mechanisms both at and beyond the level of transcription appear to be operative. In addition to reducing IGF-I gene transcription (23), undernutrition also has major posttranscriptional effects, such as altered nuclear RNA splicing, differential expression of specific IGF-I transcripts, and reduced RNA stability leading to more rapid RNA degradation (27) (28) (29) (30) . Further studies are necessary to understand how nutritional regulation of IGF-I expression differs between the liver and the developing brain. This study did not address whether the changes in IGF-I mRNA abundance are accompanied by similar changes in IGF-I protein abundance. Our findings of moderate (not statistically significant) undernutrition-induced reductions in CB IGF-I mRNA during the first 2 wk of postnatal life, however, are consistent with the work of others demonstrating similar reduction in IGF-I protein in the CB of undernourished rats (31) .
How nutrition signals developmental and regional changes in IGF-I expression also is not clear. One possibility is that changes in brain IGF-I mRNA are not the direct consequence of undernutrition, but are modulated by other factors or hormones affected by nutritional deprivation. Thyroid hormones, as well as thyroid hormone actions, are influenced by nutritional status (2, 9, 32) and hypothyroidism causes a reduction in serum IGF-I levels (33, 34) . It is, therefore, possible that reduced thyroid hormone levels or actions related to undernutrition alter brain IGF expression. Differences in the regional distribution of thyroid hormone receptors in the brain could explain the differing response of specific regions to nutritional deprivation during development.
In conclusion, our findings suggest that nutrition regulates IGF-I expression during murine brain development, and that it does so in a manner that is different from that in liver. Nutritional regulation of IGF-I expression in the brain appears to depend on the developmental age and the site of expression. The most significant change in IGF expression occurs in the first 2 wk of postnatal period when brain is more vulnerable to nutritional insult, and the increases in IGF-I expression, as well as the relative preservation of IGF-I expression, may serve in part to protect the brain from injury. Many other factors, however, undoubtedly influence the impact of undernutrition on regional brain growth. Nonetheless, our study suggests that the magnitude and the ontogeny of IGF-I expression play a role in determining the severity of consequences of undernutrition.
